Influenza B viruses evolve more slowly than human influenza A, but no reasons for the difference have been established. We have analyzed sequence changes in the hemagglutinin and neuraminidase of influenza B viruses (and have determined four hemagglutinin sequences, of B/Bonn/43, B/ USSR/100/83, B/Victoria/3/85, and B/Memphis/6/86) in relation to antigenic properties and compared these with similar analyses of variation in influenza A antigens. Independent of the slower rate of change in influenza B antigens, only approximately 30% of nucleotide changes in either the hemagglutinin or neuraminidase gene sequence result in amino acid changes in the protein, whereas in influenza A 50% of nucleotide changes result in altered amino acids. Thus, there is less selection for change, or less tolerance to change, in the influenza B antigens. This is similar to findings with influenza C and fndings with influenza A viruses that replicate in lower animals and birds and is closer to the type of variation found in other RNA viruses. We propose that human influenza A is unique in that it is the only virus group in which antibody selection dominates evolutionary change.
Sequence analysis of the HAl-coding portion of the hemagglutinin (HA) gene of influenza B viruses showed that the rate of change is less than in influenza A viruses and that there are multiple lineages of influenza B (1). However, there has been little attempt to correlate sequence changes with antigenic change in influenza B surface antigens or to explain why there is less change.
In influenza A, there are two kinds of antigenic variation, known as antigenic drift and antigenic shift. During drift there is a progressive accumulation of antigenic changes that result from accumulating sequence changes in the HA and neuraminidase (NA) genes. The antigenic changes can often be correlated with specific amino acid sequence changes in known antigenic sites (2) (3) (4) (5) . In contrast, when antigenic shift occurs, there is a sudden and dramatic change in the HA, with or without an equally startling change in the NA. There is evidence, in some instances, that the new virus resulted from a reassortment of genes, possibly involving the extensive reservoir of influenza viruses that exist in human, horse, pig, and particularly bird populations (6) .
In influenza B viruses, no antigenic shifts have ever been detected, and there are no subtype divisions of the surface antigens as in influenza A viruses. This difference may arise because influenza B occurs in only one host species (humans). Antigenic variation occurs in influenza B but, when measured with polyclonal antisera, the extent of variation is considerably less than in influenza A (7) . Isolates can be distinguished by monoclonal antibodies, and these analyses have indicated that there is no clear progressive antigenic drift in influenza B; the pattern of variation is very erratic. Several pairs of viruses isolated many years apart showed remarkable similarity, whereas viruses isolated from a single epidemic showed extensive antigenic differences (8, 9) . This paper reports the sequence of HA genes and antigenic properties of four more influenza B viruses 1 1 isolated from 1943 to 1986 and combines these data with previously determined sequences to extend previous work (1) into an analysis of the mode and rate of genetic change in influenza B viruses compared with that of influenza A.
METHODS
Viruses were propagated and the genomic RNA was extracted and sequenced using the dideoxynucleotide method as described (10) . The cDNA sequences of the HA genes of influenza viruses B/Bonn/43, B/USSR/100/83, B/Victoria/ 3/85, and B/Mem/6/86 were determined.
The sequence and antigenic differences among influenza A and B viruses were compared using almost all the complete HA and NA sequences of each type or subtype in the GenBank (release 60.0) and EMBL (release 19 .0) data bases. The sequences were analyzed using the University of Wisconsin program package, version 6.1 (11) , and their relationships were assessed using the neighbor-joining method (12 First number is nucleotide differences; the second number is amino acid differences.
sequences of all the influenza B HAs where the complete sequences is known are shown in Table 1 . Influenza B HA and NA antigenic changes can be clearly distinguished using monoclonal antibodies (10, 13) , and (12) . The branch lengths in the network provided a corrected distance matrix. Similar matrices were calculated for the NA of influenza B (10) and for human influenza A H3 HA and N2 NA gene and protein sequences. All eight distance matrices significantly and positively correlated with the differences in times of isolation of the viruses. As there was a clear time-dependent drift, each network was represented as a dendrogram (Fig. 1) , the root of which was arbitrarily placed at the mid-point ofthe branch to the earliest isolate. The dendrograms confirm that both surface antigens of a single subtype of influenza A viruses have a single major evolutionary line with short side branches, whereas influenza B trees have longer branches, in essence several coexisting lines, confirming the antigenic data (8) and HA1 and NS gene sequence data (1). The influenza B dendrograms also give some indication of reassortment among the genes of the most recent isolates (between 1979 and 1989).
The antigenic analyses (Table 2 ) also show multiple lineages, but the antigenic relationships are not the same as the sequence relationships. For example, no amino acid substitutions can be found that would explain the reactivity patterns of monoclonal antibodies 419/2 and 232/1.
The time dependence of amino acid changes shows clearly when the position of each isolate in the horizontal axis of the dendrogram (i.e., difference from the "root") is plotted against the year of isolation (Fig. 2) . The slopes of the linear regressions for these points are measures of the average rates of change of the antigens and their genes (Table 3) . Although we calculated the linear regression to obtain average rates of change, it is noticeable in Fig. 2 that the rate of change of the influenza A antigens appears to diminish in the most recent isolates. There are insufficient data to be sure that this is significant. Table 3 shows that the HAs and also NAs of influenza B do not change as rapidly as those of influenza A; nucleotide sequence changes in influenza B HA and NA occur at 20-30o of the rates in influenza A, whereas the amino acid rate in influenza B is 10-20% of the rate in influenza A. The rate of nucleotide change for the whole HA gene (Table 3) is almost identical to that obtained for the HA1 coding portion and NS genes (0.103 and 0.11 changes per 100 nucleotides per year, respectively) (1).
Why Do the Influenza B Surface Antigens Evolve More Slowly Than Those of Influenza A? The rate of evolution of an organism depends primarily on the basic mutation rate, and the ability of those mutants to survive various selection barriers, including their ability to compete successfully with other individuals of the population. We have sought to identify which parts of the mutation/selection process could explain the differences between influenza A and B.
Is the Influenza B Polymerase More Accurate? RNA polymerases lack the editing mechanisms of DNA polymerases (14) , but not all RNA viruses evolve rapidly, due partly to different error rates (15) and partly to differences in types or extents of selection pressures. The only comparative data available on error rates is the frequency of selecting escape mutants. For influenza B HA, the frequency was indeed low, 10-7-10-8, compared with 1O' for influenza A HA or NA (13, 16) . In influenza B NA, however, the frequency was io-4-i4-1 (10) , which is similar to that seen in influenza A and also in vesicular stomatitis virus and Sendai virus, which do not show antigenic drift (17) . This is in accord with the measured polymerase error rate in influenza A of 1.5 x 10-5 mutations per nucleotide per infectious cycle (15) . By assuming that the epitope contains 20 amino acids (18) and that one-third of changes are silent, the number of changes per epitope is 6 x 10-4 per infectious cycle. We conclude that polymerase activity is unlikely to be a factor in the different rates of evolution of influenza A and B viruses, and either positive or negative selection must be the driving force.
Is The reason for the high G+C content of human coding sequences, while "junk" sequences are higher in A+T, is not understood. Adenine and uracil require less energy of synthesis and thus might be preferred for rapid transcription/ replication of viral RNA. It might also be important to influenza virus to more easily unwind the RNA-RNA duplex or to minimize secondary structure in the separate strands.
Codon Use in Influenza B HA and NA. We looked for differences in codon use between influenza A and B viruses but did not find any significant differences.
It is thought that the nucleotide sequences of virus genomes are selected so that their codon use mimics that of their hosts and thus optimally uses the translation system of the host. A striking difference between influenza A and B is that the latter viruses have only been isolated from humans whereas influenza A viruses are widely distributed in pigs, horses, and particularly, birds. We, therefore, examined the codon frequencies to see if the type B viruses appeared more human-like or the type A more chicken-like, but no correla- 1990 was used to provide the exter- We conclude that the differences in codon use between influenza viruses and their hosts is due to the requirement for a base composition rich in A+U. All influenza sequences show the lack of CpG sequences typical of eukaryotic DNA, which is surprising since low CpG is explained only for DNA (20) .
Is There Selection for Amino Acid Changes? Influenza B antigens evolve more slowly than influenza A antigens (Table  3) , but the rate difference is greater in amino acids than in nucleotides (e.g., for the HA, relative rates are 0.103/0.323 in nucleotides and 0.053/0.509 in amino acids). Thus the proteins of influenza B are more highly conserved than the nucleotide sequences.
We calculated the percentage ofall nucleotide changes that result in amino acid changes among HA and NA sequences. The calculations were done in two ways. (i) By using the relationships shown in the dendrograms, the changes in amino acids and nucleotides from the root were calculated.
(ii) Changes were calculated directly from the distance matrix (Table 1) , averaging all pairwise comparisons. The results are shown in Table 4 (27, 28) .
We have been unable to identify any trends in the nucleotide or amino acid sequences of influenza B HA and NA that would identify a major selection pressure, either positive or negative. It is possible that the evolution is random, although the rates observed are higher than would be expected to be randomly fixed in the population from the estimated error rate of influenza RNA polymerase (15) .
Although our focus has been on the question of why influenza B evolves differently from influenza A, the question should probably be turned around. Sequence data are not so extensive for other groups of RNA viruses, but the emerging data show no evidence of progressive antigenic drift. A new epidemic virus is selected from a pool of circulating viruses Influenza A is from humans. Values from dendrograms are percentage ofamino acid differences per 100 from root per nucleotide differences per 300 from root (mean ± SD). Values from differences are N2, H3, and B NA data calculated in the same way as the B HA in Table 1 .
